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An ultraviolet (UV) photodetector employing the two-dimensional electron gas (2DEG) formed at the AlGaN/GaN interface 
as an interdigitated transducer (IDT) is characterized under optical stimulus. The 2DEG-IDT photodetector exhibits a record 
high normalized photocurrent-to-dark current ratio (NPDR, 6 x 1014). In addition, we observe a high responsivity (7,800 A/W) 
and ultraviolet-visible rejection-ratio (106), among the highest reported values for any GaN photodetector architecture. We 
propose a gain mechanism to explain the high responsivity of this device architecture, which corresponds to an internal gain of 
26,000. We argue that the valence band offset in the AlGaN/GaN heterostructure is essential in achieving this high responsivity, 
allowing for large gains without necessitating the presence of trap states, in contrast to common metal-semiconductor-metal 
(MSM) photodetector architectures. Our proposed gain mechanism is consistent with measurements of the scaling of gain with 
device channel width and incident power. In addition to high performance, this photodetector architecture has a simple two-
step fabrication flow that is monolithically compatible with AlGaN/GaN high electron mobility transistor (HEMT) processing. 
This unique combination of low dark current, high responsivity and compatibility with HEMT processing is attractive for a 
variety of UV sensing applications. 
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UV photodetectors have applications in diverse fields, including combustion flame detection, UV 
astronomy and satellite positioning.1,2 GaN is an appealing materials platform for manufacturing UV 
photodetectors due to the maturity of GaN high electron mobility transistor (HEMT) fabrication 
technology, in addition to its ability to operate in high-temperature and radiation-rich environments.3 In 
most applications, the ideal photodetector would exhibit a high responsivity to maximize the signal, in 
addition to a low dark current to minimize quiescent power. A performance metric which simultaneously 
captures these two values is the normalized photocurrent-to-dark current ratio (NPDR), defined as the 
ratio of responsivity to dark current, with units of 1/W.4,5 Numerous photodetector architectures2,6–14 have 
been demonstrated in GaN, with a broad range of reported responsivities and NPDRs, as summarized in 
Table 1. Table I additionally reports the UV-visible rejection-ratio, another important performance metric 
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which determines the cross-sensitivity of the photodetector to visible light. A distinction can be drawn 
between devices with a responsivity that corresponds to less than 100% quantum efficiency7,8 (0.29 A/W 
for 365 nm illumination), and those with a responsivity that exceeds this value.6,9–13 In the latter category 
of photodetectors, which includes photoconductors,10 phototransistors9,15 and some metal-semiconductor-
metal (MSM) photodetectors,6,16 an internal gain mechanism must exist where each incident photon 
induces more than one electron in the conduction band. The gain (𝐺) is defined as the ratio of charge 
carriers to the photon flux:17 
𝐺 =  
ℎ𝑐
𝑒𝜆
𝐼
𝑃
             (1) 
where 𝐼 is the photocurrent, 𝜆 is the wavelength of incident radiation and 𝑃 is the incident power. One 
particularly high gain photodetector architecture is the phototransistor; AlGaN/GaN phototransistors have 
been shown to achieve gains as high as 170,000.9 Though these devices have a high gain, their fabrication 
requires the use of both n-and p-doped GaN.9 Due to the high activation energies of all known acceptor-
type dopants in GaN,18 it is desirable to fabricate photodetectors which do not require doping. It is further 
desirable to fabricate devices compatible with HEMT fabrication, in order to leverage mature GaN 
technology and enable monolithic integration. Previous HEMT photodetectors,11,19 which leverage the 
modulation of the AlGaN/GaN 2DEG sheet density under UV illumination, have been shown to have a 
high gain, however such devices also have high dark current, leading to some of the lowest NPDRs among 
reported devices (~106). Recent work12,13 has shown that by introducing an intrinsic GaN channel between 
two 2DEG electrodes, a high NPDR can be achieved. Understanding the gain mechanism of such 
photodetectors is important for maturing this promising class of devices. 
In this work, we present such a device with a record high NPDR (6x1014). In addition, the device has 
a responsivity (7,800 A/W), and UV-visible rejection-ratio (106) that are among the highest reported 
values. We propose that our device has a similar gain mechanism to that of a phototransistor, in a device 
architecture that is significantly simpler to fabricate, requiring two masks, and no doping. Evidence for 
this gain mechanism is provided by investigating the scaling of gain with channel length and incident 
power.  
Devices were fabricated on an AlGaN/GaN-on-Si wafer (DOWA, Inc.) grown by metal-organic 
chemical vapor deposition (MOCVD). The III-nitride stack, illustrated schematically in Fig. 1a, consists 
of a 1.5-µm-thick strain management buffer structure and an active 1.2-µm-thick GaN layer grown on top 
of Si (111). Subsequent to the growth of the GaN layer, formation of the 2DEG was accomplished by 
growing an epitaxial stack consisting of a 1-nm-thick AlN spacer, 30-nm-thick Al0.25Ga0.75N barrier layer 
and 1-nm-thick GaN capping layer. This wafer has a manufacturer specified 2DEG mobility of 1,400 
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cm2/V-s and sheet density of 1x1013 cm-2 at room temperature. As shown in Fig. 1b, an array of 2DEG 
interdigitated transducers (2DEG-IDT) was fabricated by etching AlGaN 2DEG mesa electrodes. These 
5-µm-wide 2DEG electrodes were separated by 5-µm-wide intrinsic (un-intentionally doped below 1016 
cm-3) GaN buffer channels. Post mesa isolation, a standard Ti/Al/Pt/Au Ohmic metal stack was deposited, 
and activated with a 35 second, 850ºC anneal.20 After this two-step process, the fabrication of the 2DEG 
IDT photodetectors was completed, however it should be noted that the wafer received subsequent 
processing for co-fabricated devices. In particular, standard MSM photodetectors were fabricated on the 
GaN buffer, using the same geometry as the 2DEG-IDT photodetectors. These devices (Pd-MSM) had 
Pd/Au (40 nm/10 nm) metal fingers in place of the AlGaN mesa electrodes for comparison studies. 
 Responsivity measurements were taken using a 365 nm UV lamp and semiconductor parameter 
analyzer (henceforth Setup I). All presented measurements were taken at room temperature. The results 
of these measurements for a characteristic 2DEG-IDT and Pd-MSM device under 1.5 mW/cm2 optical 
power are shown in Fig. 2a. While both devices have a comparable, low dark current of ~10 pA, the 
2DEG-IDT device has significantly higher photocurrent, corresponding to a responsivity of 2,500 A/W at 
5 V, in contrast to the 0.78 A/W responsivity observed in the MSM photodetector at the same bias voltage. 
Though the 2DEG-IDT device has significantly higher responsivity, both devices have a responsivity 
which exceeds the 100% quantum efficiency limit (0.29 A/W for 365 nm illumination), indicating the 
presence of a gain mechanism in both devices.  
 To further probe the gain mechanism in the 2DEG-IDT device, we measured responsivity while 
varying the UV intensity across four orders of magnitude. These measurements are presented in Fig. 2b. 
Measurements with incident power above 0.010 mW/cm2 were DC measurements performed with Setup I, 
and those with power below 0.010 mW/cm2 were AC measurements, performed using a lock-in amplifier 
and a monochromated optical beam chopped at 200 Hz (henceforth Setup II). These data show that as 
power increases from 0.15 µW/cm2 to 110 µW/cm2, the responsivity increases dramatically by greater 
than 4 orders of magnitude, peaking at 7,800 A/W. Above 110 µW/cm2, the responsivity decreases slightly 
to 2,500 A/W at 1.5 mW/cm2 This increase in responsivity with increasing incident power, and subsequent 
saturation is consistent with previous reports of high gain GaN MSM photodetectors,16 however opposite 
of the trend seen in phototransistors.9 
 Measurements of the transient response of the 2DEG-IDT device were conducted using Setup I with 
an optical chopper operating at 5 Hz. These measurements, presented in Fig. 2c, demonstrate rise and fall 
times of 32 ms and 76 ms, respectively, here defined as the time it takes the photocurrent to go from 10% 
to 90% of its final value. It is also observed that within a 200 ms window the photocurrent does not recover 
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to its ~10 pA dark state value, indicating the presence of persistent photoconductivity,21 common to 
AlGaN/GaN 2DEG photodetector devices. These rise and fall times are long relative to MSM 
photodetectors with no internal gain,2 however they present a significant improvement on the 20 s rise and 
60 s fall time observed in a photoconductor with comparable gain to our 2DEG-IDT device.10  
Measurements of responsivity as a function of wavelength were also performed using Setup II. These 
data, shown in Fig. 2d, demonstrate a high UV-visible rejection ratio of 4 x 106, with a peak responsivity 
at ~362 nm. The broadband light source used in this measurement had a roughly constant intensity 
between 1 and 3 µW/cm2 below the peak responsivity at 362 nm, and an increasing intensity between 3 
and 28 µW/cm2 as the wavelength increased from 362 to 430 nm. Because the responsivity of the 2DEG-
IDT photodetector increases with incident power (as seen in Fig. 2), this measurement underestimates the 
true UV-visible rejection ratio. The band-pass nature of the spectral responsivity of this photodetector, 
where the responsivity decreases at wavelengths both below and above the GaN band gap (~365 nm), is 
consistent with previous reports of phototransistors,9,15 indicating a similar gain mechanism in both 
devices.  
We seek to explain the gain observed in both device architectures, in particular the extraordinarily 
high gain of 26,000 observed in the 2DEG-IDT. In order to understand the scaling laws of the gain 
mechanisms in MSM and 2DEG-IDT photodetectors, devices were fabricated where the intrinsic GaN 
channel length between the Pd and 2DEG electrodes was varied from 4 to 20 µm. Optical microscope 
images of the MSM and 2DEG-IDT structures are shown in the inserts of Fig. 3a and 3b respectively. 
Figures 3a and 3b show the gain vs. 1/L2, where L is the spacing between the Pd and 2DEG electrodes 
respectively. These data show that while there is a clear linear relation, with zero y-intercept, between 
gain and 1/L2 for the 2DEG-IDT photodetectors (Fig. 3b), the same relation does not describe the gain vs. 
1/L2 relation in the MSM photodetectors (Fig. 3a). This difference in length scaling, in addition to the 
vastly different response magnitudes, implies that different gain mechanisms are present in these two types 
of devices. 
In the standard model of gain in photoconductors, which has been used by Kumar et al.13 to describe 
the gain of an InAlN/GaN device with a similar architecture to this work, gain is due to carrier 
accumulation that is limited by recombination, leading to the following scaling law: 𝐺 = 𝜇𝑒𝜏𝑟𝑉 𝐿
2⁄ , where 
𝜇𝑒 is the electron mobility, 𝜏𝑟 is the recombination time and 𝑉 is the applied voltage. Though this model 
reproduces the appropriate 1 𝐿2⁄  dependency, using a bulk mobility of 900 cm2/V-s, which is appropriate 
for our unintentional doping concentration,22 a recombination time of ~3 µs is required to fit our data. This 
value is three orders of magnitude larger than the previously reported ~6 ns minority carrier lifetimes in 
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GaN.23 Because the ~3 µs recombination time required to fit the standard model is unreasonable, a 
different gain mechanism is needed to describe the behavior of our 2DEG-IDT devices. 
The proposed gain mechanism is schematically illustrated in the band diagram for a 2DEG-IDT 
photodetector presented in Fig. 3d. In the 2DEG-IDT device, an AlGaN/GaN valence band offset creates 
an energetic barrier which leads to hole accumulation at this interface. This hole accumulation leads to an 
electrostatic lowering of the energetic barrier for electrons in the 2DEG to escape the quantum well and 
enter the conduction band (dashed line in Fig. 3d). Using only the lowermost sub-band, the number of 
carriers per unit volume with sufficient energy to escape the 2DEG quantum well can be approximately 
written as: 
𝑛𝑒(𝜙𝑏) ≈  
𝑘𝑏𝑇𝑚
∗
𝜋ℏ2
exp (−
𝑞(𝜙𝑏−∆𝜙𝑏)
𝑘𝑏𝑇
)            (2) 
where 𝑚∗ is the effective mass, 𝜙𝑏 is the energy separation between the Fermi level in the 2DEG and the 
top of the GaN conduction band in the dark state, and ∆𝜙𝑏 is the barrier lowering due to photon-induced 
hole accumulation (Fig. 3d). Assuming that all electrons with sufficient energy enter the conduction band, 
and that electron conduction between the 2DEG electrodes is due to drift, the gain is found to be:   
𝐺 =  
𝑛𝑒(𝜙𝑏)
𝑛𝑝ℎ,𝑡𝑜𝑡
𝜇𝑒𝑉
𝐿
             (3) 
where 𝑛𝑝ℎ,𝑡𝑜𝑡 is the total number of photons incident on the device. Evidence for a drift model comes from 
the fact that the photocurrent shown in Fig. 2a is approximately linear with applied voltage. This drift 
model can further explain the 1 𝐿2⁄  dependency of gain if 𝑛𝑒(𝜙𝑏) ∝ 𝐹𝑝ℎ, where 𝐹𝑝ℎ is photon flux per 
unit area, because 𝑛𝑝ℎ,𝑡𝑜𝑡 =  𝐹𝑝ℎ𝐿. Using a mobility of 900 cm
2/V-s, the barrier height required to explain 
the observed photocurrents is ~150 meV. This order of magnitude is consistent with theoretical values for 
𝜙𝑏, calculated to be ~100 meV using a commercial Schrödinger-Poisson solver.
24 The exponential nature 
of the model in Equation (2) further explains the observation in Fig. 2b, where increasing incident power 
increases responsivity, up to a point of saturation. At low incident powers, when 𝜙𝑏 − ∆𝜙𝑏 ≈ 𝜙𝑏, small 
changes in ∆𝜙𝑏 lead to small changes in the number of conduction electrons. However, when 𝜙𝑏 − ∆𝜙𝑏 
is lowered at high incident powers, the same small change in ∆𝜙𝑏 will lead to an exponentially larger 
change in the number of conduction electrons. This continues until reaching a point of saturation where 
non-idealities, such as increased recombination in the channel and the AlGaN/GaN interface, lead to a 
divergence from this model. This gain mechanism is similar to that of a phototransistor, where minority 
carrier accumulation in the base lowers the base-emitter energetic barrier, allowing more majority carriers 
to be injected from the emitter.17  
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The band structure of an MSM photodetector, schematically illustrated in Fig. 3c has no barrier to hole 
conduction into the metal, in contrast to the 2DEG-IDT device. Thus, in order for spatial hole 
accumulation to occur, which is necessary to achieve a gain greater than unity,25 a trap state must exist at 
the metal contact. The gain due to such a trap state would be limited by the density of trap states and the 
de-trapping time, thus the assumption 𝑛𝑒(𝜙𝑏)  ∝ 𝐹𝑝ℎ is unlikely to hold. This explains the fact that gain 
in the Pd-MSM photodetector is not linearly proportional to 1 𝐿2⁄ . Though trap states could exist at the 
AlGaN/GaN interface, the difference in the scaling of the gain with length in these devices indicates that 
trap states do not play the same role in determining the gain of the 2DEG-IDT device as they do in the 
Pd-MSM device. 
 In conclusion, we demonstrated a 2DEG-IDT photodetector with a record high NPDR (6x1014), in 
addition to a high responsivity (7,800 A/W) and UV-visible rejection-ratio (106). The observed 32/76 ms 
rise/fall times present significant improvements on the 20/60 s rise/fall times seen in a photoconductor 
with comparable gain. We argue that the gain mechanism in this device is similar to that of a 
phototransistor, where spatial hole accumulation leads to a lowering of the energy barrier for electrons 
entering the conduction band. This mechanism is consistent with the scaling of gain with incident power 
and device channel length. The simple, two-mask fabrication process further allows for monolithic 
integration of our device with AlGaN/GaN HEMTs, enabling on-chip integration of optical sensing 
systems using this material platform.  
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TABLE I. Performance of various photodetector architectures demonstrated in GaN 
Detector type 
Responsivity 
(A/W) 
NPDR 
(1/W) 
UV/VIS 
rejection-ratio 
Bias Voltage 
(V) References 
MSM 3.1 3x1012 105 10 Chang et al.
6 
p-i-n diode 0.15 2x109 103 10 Xu et al.
7 
Avalanche  0.13 2x1010 104 20 Tut et al.
8 
Phototransistor 50,000 5x1014  108 3 Yang et al.
9 
Photoconductor 13,000 4x108 102 1 Liu et al.
10 
HEMT 3,000 2x106 103 10 Khan et al.
11 
Meander 10,000 8x1012 104 5 Martens et al.
12 
Sliced-HEMT 33 1x1012 103 5 Kumar et al.
13 
2DEG IDT 7,800 6x1014 106 5  This work 
  
 
FIG. 1. (a) Schematic illustration of material stack. 
(b) Optical microscope image of fabricated device. 
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FIG. 2. (a) UV photoresponse of characteristic 2DEG-IDT and MSM devices exposed to 1.5 
mW/cm2 UV power.  (b)  Responsivity as a function of incident power, with the responsivity 
corresponding to 100% Q.E. labelled. Measurements below 0.010 mW/cm2 were performed using 
Setup II, those above 0.010 mW/cm2 were performed with Setup I. (c) Transient measurement of 
2DEG-IDT response to 0.17 mW/cm2 365 nm illumination chopped at 5 Hz, measured in Setup I. 
 (d) Responsivity vs. wavelength, measured in Setup II. Measurements in (b,c,d) were at a bias 
voltage of 5 V. 
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FIG. 3. Comparison of internal gain vs. length for (a) Pd-MSM and (b) 2DEG-IDT photodetectors. 
Error bars represent response biasing photodetector at ±5 V. Inserts show microscope images of 
fabricated devices with spacing of 4-20 µm, scale bars represent 100 µm. It is observed that there is a 
linear proportionality between gain and 1/L2 for the 2DEG-IDT device (black dashed line), but not for 
the Pd-MSM device. Band structures for the Pd-MSM and 2DEG-IDT photodetectors under applied 
bias are found in (c) and (d) respectively. Dashed lines in GaN conduction band represent electrostatic 
barrier lowering due to photon-induced hole accumulation. 
 
